We compare experimental data with three-dimensional numerical calculations of the local minority current in an InGaAs/GaAs transistor vertical-cavity surface-emitting laser at different bias levels. It is demonstrated that lateral potential variations within the device greatly affect the transistor operating conditions. As a result, it locally operates in the active mode in the center of the device, allowing for efficient stimulated recombination, while it globally operates in the saturation regime as reflected by the measured current-voltage characteristics. This allows for excellent laser performance, including mW-range output power, sub-mA threshold base current, and continuous-wave operation well above room temperature. The increasing demand for broadband capacity at all levels of optical communication networks has resulted in the investigation of new device concepts for increased modulation speeds. One such invention regards the so-called transistor-laser in which a heterojunction bipolar transistor (HBT) is monolithically integrated in a semiconductor laser.
1,2 In this scheme it is possible to benefit simultaneously from the high efficiency and modulation capability of a semiconductor laser and the superior switching speed of an HBT. Since their introduction, transistor-lasers have attracted significant interest, and up to now devices based on many different material systems have been presented. [3] [4] [5] A general observation from these studies is the signature of a negative differential current gain at the onset of stimulated recombination. However, because of the three-dimensional device nature this might be obscured due to local variations in the potential distribution inside the device. This is especially important in transistor vertical-cavity surface emitting lasers (T-VCSELs) [6] [7] [8] that require special confinement schemes for efficient carrier injection. In our recent study of GaAs-based pnp-type 980-nm T-VCSELs, 8 we demonstrated that it is possible to get efficient lasing even far beyond transistor saturation. This was argued to be due to spatial potential variations within the device and the simultaneous occurrences of active and saturation modes at different positions. 8 Here, we analyze the performance of InGaAs/GaAs T-VCSELs by comparing experimental data with full threedimensional numerical simulations taking optical, electrical, and thermal effects into account. These results demonstrate that it is possible to have a device that locally works as a T-VCSEL while globally being in the transistor saturation regime.
The simulations were conducted using a commercially available software package, providing a full three-dimensional and self-consistent analysis based on the finite-element method for the optical mode distribution and the light-current-voltage characteristics, also including thermal effects. 9 While the actual devices are of square geometry, we here used a cylindrical model of the same active volume to save computation time. This simplification has been found to have minor influence on electrical characteristics and total optical power. More detailed information regarding the simulation tools and physical parameters of the material are reported elsewhere. 10 The device was fabricated using metal-organic vaporphase epitaxy and consists of a pnp-HBT structure with a triple intrinsic InGaAs/GaAs quantum well (QW) active region embedded in the base. Figure 1 illustrates the schematics of the final device of which the details are presented elsewhere. 8 From bottom to top the layer structure consists of an undoped AlGaAs/GaAs distributed Bragg reflector (DBR) followed by a p-type GaAs subcollector and an intrinsic GaAs collector. The consecutive n-doped GaAs base region hosts the triple InGaAs/GaAs QW active region. The emitter consists of a p-type AlGaAs layer. Additional charge carrier confinement inside the emitter region is provided by an n-type current blocking layer with a lateral dimension of 10 lm which was developed from our previous GaAs-based VCSELs for 1.3 lm regime. 11 This results in the formation of an aperture of 10 lm size. Finally the structure is capped with a SiO 2 /a-Si dielectric DBR. For electrical access, AuZn and PdTiGe ohmic contacts have been evaporated on p and n-type GaAs areas, respectively.
Electro-optical characterization of the three-terminal device was conducted in the common-emitter configuration. With this biasing scheme, holes are injected from the emitter into the base region. As minority carriers, the holes inside the base region diffuse towards the collector and partially get trapped by the QWs allowing for efficient radiative recombination. In Fig. 2(a) we present the room temperature electroluminescence at a constant collector-emitter voltage (V CE ) of 1.4 V for different base currents (I B ). At low I B ¼ 0.7 mA a broad electroluminescence spectrum is observed as stemming from the QWs due to spontaneous recombination of injected charge carriers. With increasing current injection we find that the peak intensity strongly increases whereas the peak linewidth decreases. This is a strong indication of a transition from spontaneous to stimulated emission. This behavior is summarized in Fig. 2(b) where we show the measured optical output power as a function of I B at different V CE . We find that the threshold current for the onset of stimulated emission is 0.75 mA as manifested by the kink in the output power. With stimulated emission becoming dominant, the output power increases linearly with rising I B until it gradually saturates. 12 Apparently the magnitude of the saturated power depends on V CE and occurs at lower I B with lower V CE . In the case of voltage control (shown elsewhere of Ref. 8), the output power also exhibits a threshold with a subsequent linear increase. It also shows saturation when the base-collector junction starts to be forward biased. 7 In order to understand the electrical behavior of the transistor in the presence of spontaneous and stimulated emission, the experimental (solid line) collector current (I C ) (blue) and base voltage (red) as function of I B at a constant V CE ¼ 3 V are illustrated in Fig. 3 . The inset shows a zoomin for I B lower than 1 mA. In addition we have included the Contrary to what is usually observed, we note an absence of the reduction in differential current gain at lasing threshold (I B ¼ 0.75 mA).
6,12,13 Instead, we find a pronounced gain compression below threshold as indicated by the drop in I C at I B ¼ 0.4 mA. To account for this behavior we have simulated the current and potential distribution inside the T-VCSEL for different levels of I B . In Fig. 4 we show cross-sectional color plots of the hole current densities at I B ¼ 0.5 mA (a), I B ¼ 1 mA (b), and I B ¼ 20 mA (c), respectively. The plots also include equipotential lines highlighted with additional labels in black. Finally, dark grey arrows indicate the direction of injected current.
Independently of I B we find a charge crowding effect adjacent to the edge of the n-doped confinement layer inside the emitter. Figure 4(a) illustrates the current in standard transistor on-state, where holes injected from the emitter into the base diffuse towards the collector. Inside the collector the applied potential then results in a drift current (I C ) towards the contact. Furthermore, the confinement provided by the QWs can trap holes which then eventually contribute to I B by means of radiative recombination.
A similar situation can be found for I B ¼ 1 mA (b) and for 20 mA (c), respectively. However, we find that the voltage applied at the collector contact is not sufficient to maintain a potential drop across the whole collector. With increasing base current, the position, where most holes are injected into the collector volume, shifts closer to the collector. Already at a base current of 1 mA, which is slightly above lasing   FIG. 1 . Schematic illustration of the fabricated T-VCSEL. From bottom to top, the structure consists of the substrate (grey), the bottom DBR (black), the subcollector and collector (blue). Thereafter the n-doped base (pink) and QWs (red) are deposited followed by the p-doped emitter (blue) embedding an n-doped confinement layer (pink). The structure is capped with a SiO 2 / a-Si dielectric top DBR. threshold, this current path is almost blocked. In addition, a high potential is built-up within and close to the QWs resulting in a redistribution of the current path in lateral direction of the base. Even more, for I B ¼ 20 mA charge carriers flow from the collector into the base close to the contacts, resembling transistor saturation. Despite this, in the center of the device some charge carriers diffuse into the collector resembling transistor on-state.
In conclusion, we find that for high I B the transistor is in its on-state close to the center of the device whereas it is in saturation close to the contact. This behavior is a direct result from the potential which is located inside the QWs with increasing charge carrier density partially closing the current path towards the collector contact. It screens the potential drop within the collector resulting in lower drift current, and it is higher than the applied potential at the collector contact allowing for back injection and lateral current flow. It is such a built-in potential that reduces I C and the differential current gain, which can be observed in Fig. 3 at the kink close to I B ¼ 0.4 mA.
We want to highlight that in the center of the device, the base-collector junction is still reverse biased and charge carriers are swept from the base into the collector. Hence, the device locally acts as a T-VCSEL albeit the global I-V characteristics do not resemble this behavior. This shows that it is not necessary for a transistor laser to show a drop in current gain at lasing threshold.
In summary, a GaAs-based 980 nm transistor VCSEL was fabricated and measured at room temperature. An unusual I C -I B behavior with a negative differential current gain below lasing threshold has been observed. Using realistic simulations we conclude that this is a result of an inhomogeneous local potential distribution in the collector region. Our results show that upon an increasing base current the base collector junction can, locally, start to be in saturation close to the collector contact. This prevents charge carriers from drifting laterally towards the collector contact and, hence, efficiently reduces the I C . At the same time the whole device still locally acts as a transistor in forward bias close to the optically active center of the device. Preliminary calculations suggest that an optimized device design, in particular increased base doping level and decreased base width, would allow for a reduced influence of lateral potential variations. 
